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ABSTRACT
This report describes a simple analytical and empirical model for
parametric study 0' multiple-beam antenna frequency reuse capacity and
interbeam isolation. Two types of reflector antennas, the axisymmetric
parabolic and the offset-parabolic reflectors, are utilized to present the use
of the model. The parameters of the model are introduced and their
limitations are discussed in the context of parabolic reflector antennas.
However, the use of this model is not restricted to analysis of reflector
antenna performance.
This report is divided into six sections. Section 1 presencrr, an overall
suatmary of the report followed by the results of the analyses covered in two
tables. The model parameters, objectives, and descriptions are given in the
next three sections. Multiple-beam antenna frequency reuse capacity and
interbeam isolation analysis for the two types of reflectors are discussed
subsequently. Section b discusses future developments of the program model.
Multiple-beam antenna is emerging as one of the most important components of
communication satellites; and an efficient model for parametric evaluation of
their performance could prove most beneficial.
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SUMMARY
Multiple-beam antennas are becoming a more important part of satellite
communication systems as the necessity of electromagnetic spectrum
conservation becomes more evident. This is due to the fact that multiple-beam
antennas (MBA's) have the potential to conserve the electromagnetic spectrum
through frequency band reuse.
This report presents a discussion of performance characteristics of MBA's
when two types of antennas, the full-paraboloidal axisymmetric and the
offset-parabolic reflectors, are used. A major factor in the design and
application of multiple-beam antennas is the presence of interbeam cochannel
interference which reduces MBA's frequency reuse capacity. Therefore, the
analysis of performance characteristics is based on the interbeam isolation
and frequency band reuse performances of the MBA as functions of antenna
characteristics.
An analytical/empirical model, consisting of a computer program, was used
to obtain the performance analyses. The main parameters of the model are the
number of beams, number of frequencies, beam patterns, beam spacing, and
footprint level of the hypothetical boundaries between the coverage zones. In
this report, the analyses done for parabolic-axisymmetric and parabolic-offset
reflector MBA's assume that feed elements in the multi-element feed system
possess identical radiation patterns.
In the axisymmetric reflector case, modified versions of the reference
pattern for satellite transmitting antenna recommended at WARC-77 and
CCIR(78)[1] were used as the beam radiation pattern model. These patterns are
modeled using an envelope function to approximate the upper bound of the
1
sidelobe peaks. However, in this case the effects of the off-axis location of
the-primary-feeds upon the beam radiation patterns were not considered. For the
offset-reflector case, the same type of beam patterns were used; but extensive
considerations were given to the pattern deteriorations caused by the off-axis
location of the primary feeds (scanning of the beams).
An optimum layout of the beams, a layout which minimizes the interference
power from cochannel beams, was used to perform the anal-ises in all cases.
The result of an optimum layout is that only a specific, optimum, number of
frequencies needs to be used and any other larger non-optimum number of
frequencies can be reduced to the optimum number without increasing the
cochannel interference power.
In all analyses done in this report, an approximate "worst case" estimate
of MBA performance was obtained by
a) assuming an envelope function to approximate the upperbound of the
sidelobe peaks for model patterns;
b) use of w<.,rst case sidelobes, for the offset-reflector beam patterns,
which corresponds to the case of the beam scanned in a
counterclockwise manner with respect to the reflector axis. Also,
for the above scanned beam, the sidelobes closer to the reflector
axis, which are higher than the sidelobes away from the reflector
axis, are used;
C)	 considering the desired beam with highest interference power,
because of its position in the beam layout, and placing the maximum
possible number of cochannel interfering beams in that layout
(uniform layouts).
Some preliminary results have been obtained, for two types of reflector
antennas, by the use of the model.
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In the case of offset-parabolic reflector, a 100 wavelength diameter
reflector is used while the focal length over parent paraboloid diameter
ratios (F/D ) and illumination tapers are varied. It is known that as
P
long as the reflector dimensions (D/X and F/D ) and-the antenna
P
characteristics (i.e., illumination tapers) are kept constant, the relative
characteristics of the beam patterns, as a function of number of beamwidths
scanned, stays the same. Therefore, the analyses done for the 100 wavelength
diameter offset-parabolic reflector are valid at all the microwave
frequencies. In general, the results are frequency independent as long as the
antenna dimensions, relative to the signal wavelength, are preserved the
same. However, since the uplink and downlink frequencies of the satellite are
not the same (but close), there could be slight variations in the interbeam
isolation and frequency reuse performance of the two links. The results of
analyses have been summarized in the following tables. Care should be taken
in applying the results shown here since these results can greatly vary for
different reflector dimensions.
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TABLE 1.
Results of Analysis Done for Axisymmetric Reflector MBA with Uniform
Beams .and Uniform Layout .
Parameter Axisymmetric Reflector MBA with Uniform Beams
Number of C/I decreases as number of beams is increased (C/I is the
Beams carrier-to-interfereace power ratio, or the interbeam
isolation; where the desired carrier power, C l is calculated
at an angle 9 off the desired beam boresight and the
interference power, I, is calculated at the same point).
Number of As the number of frequencies is increased, the C/I
Frequencies performance improves.	 C/I is more sensitive to number of
frequencies when beam patterns contain sidelobe levels of
-30 dB or lower.	 A change in number of frequencies from
3 to 4 produces the largest impact on C/1 performance for
the lower sidelobes.
Sidelobe A reduction in the level of sidelobes causes considerable
Level improvement in C/I performance.	 Sidelobe level has a more
noticeable effect when larger number of beams and
fi:equenciee are used.
Crossover C/I values are relatively insensitive to the crossover
Levels levels of between -2 to -7 dB for very large number of beams
and -5 to -7 dB for smaller number of beams with higher
number of frequencies.	 So, the optimum crossover level is
dependent on the number of beams and frequencies.
Footprint For a fixed beat , spacing, the C/I value is almost a
Level linearly decreasing function of increasing footprint area
(or decreasing footprint level).	 Sidelobe level variation
has no effects on the slope of the function.
Beam For a fixed footprint level, the C/I performance improves
Spacing as larger separations between beams are produced.	 For
different number of beams and frequencies, the rate of
improvement becomes uniform after 1.65 (HPBW) beam
separation for -25 dB sidelobes and 1.25 (HPBW) beam
separation for -30 dB sidelobes.
F/Dp No analysis
Illumination No analysis
Taper
Conclusion In evaluation of C/I performance of MBA's, number of beams
and frequencies are the determining factors.	 However, C/I
performance can be improved by better sidelobe design and,
if possible, larger beam spacing.
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TABLE 2.
Results of Analysis Done for Offset-Reflector MBA (100 Wavelength
Diameter with Non-Uniform Beams and Uniform Layout)
Offset-Reflector MBA (100 Wavelength Diameter) With
Non-Uniform Beams (Beam Degradations ire due to
Parameter I	 Scanning of the Beams)
Number of C/I decreases as number of beams are increased.
Beams (same as axisymmetric reflector).
Number of As the number of frequencies is increased, the C/I
Frequencies performance improves.	 When larger frequency reuse factors
are used, a small change in number of frequencies causes a
considerable improvement in C/I performance.
	 A change in
number of frequencies from 3 to 4 produces the largest
impact on C/I values. 	 As sidelobe levels are lowered this
effect becomes more noticeable.
Sidelobe A reduction in the level of sidelobes causes considerable
Level improvement in C/I performance. 	 Sidelobe level has a more
noticeable effect when larger number of beams and
frequencies are used (same as axisymmetric reflector).
Crossover The optimum crossover level is independent of the number
Level of beams and frequencies.	 For the case of a 100
wavelength diameter offset-reflector with F/D p
 : 1.0,
-10 dB taper, and -25 dB sidelobe?, the optimum crossover
level is found to be between -5 to -7 dB.
Footprint For a fixed beam spacing, the C/I value is almost a
Level linearly decreasing function of increasing footprint area
(or decreasing footprint level).
	 Sidelobe level variation
has no effects on the slope of the function (same as
axisymmetric reflector).
Beam Same as axisymmetric reflector, but che rate of C/I
Spacing improvement is the same for all number of beams,
frequencies, and Sidelobe levels.
F/Dp Comparison made for two different F/D p ratios of
0.5 and 1.0, with -10 dB taper and -25 dB sidelobes, shows
a maximum C/I improvement of " dB.
	 This result was
obtained for the desired beam ..-. the focal point of the
reflector and is immune from large scan losses produced by
smaller F/Dp 's at large scan angles.
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TABLE 2. (Continued)
Results of Analysis Done for Offset-Reflector MBA (100 Wavelength
Diameter with Non-Uniform Beams and Uniform Layout)
Offset-Reflector NBA (100 Wavelength Diameter) With
Non-Uniform Beams (Beam Degradations are due to
Parameter I	 Scanning of the Beams)
Illumination
	
Comparison made for two different illumination tapers of
Taper
	
-10 and -15 dB, with F/Dp
 of 1.0, shows an improvement
of about 1-4 dB in C/I performance.
Conclusion	 Same as axisymmetric reflector. Higher values of F/DpIs
and lower values of illumination taper can give C/I
improvements of up to 4 dB in some cases.
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SECTION 2
INTRODUCTION
It is possible to increase the bandwidth capacity of a band-limited
satellite by the use of multiple-beam antennas. This is done by transmitting
separate messages to different ground stations by means of many separate
narrow beams, instead of a broad beam which illuminates an entire coverage
area with all the message signals. An example of multiple-zone coverage be
from a satellite antenna is shown in Figure 1. In this paper only the class
of multiple-beam antennas suitable for satellite-borne applications is
considered.
a
Y
Figure 1. Multiple-Zone Coverage Beams from a Satellite Antenna
A major factor in the design and application of multiple-beam antennas is
the presence of the interbeam cochannel interference which reduces frequency
reuse capacity. The cochannel interference determines the interbeam isolation
or carrier-to-interference power ratio (C/I). Interbeam isolation is defined
as the ratio of the power density of the desired beam, at any spot within the
coverage area of this beam, to the incoherent summation of the co-polarized
components of the power densities of all other cochannel beams at the same
spot. The objectives of this paper are:
1) To describe an analytical/empirical model for parametric study of
the frequency reuse capacity of multiple-beam antennas, and
2) present some preliminary results obtained by use of the model.
The model consists of a computer program which takes the radiation
pattern information of each beam and the geometrical layout of all the beams
in the coverage area as its input, and calculates the interbeam isolation of
the cochannel beams at any spot within that coverage area. For the purpose of
this study, this is done for a cellular-coverage system in which the multiple
beams are equally spaced in a triangular matrix with a hexagonal boundary.
Figure 2 shows this cellular-coverage beam layout, where in an optimum
cellular-coverage beam layout, two adjacent beams cannot operate on the same
frequency band. The knowledge of carrier-to-interference power ratio as a
function of number of beams, number of frequencies, beam separations and the
radiation patterns of the individual beams would provide us with the frequency
reuse capacity of the multiple-beam antenna system. In this report, it is
assumed that all beams have equal frequency bandwidths and are of equal
capacity. Also, the only type of interference considered is the cochannel
8
(a) BEAM MATRIX LAYOUT
DESIRED BEAM
COCHANNEL
INTERFERING
BEAMS
DESIRED BEAM
BEAMS EXCLUDED FROM
INTERFERENCE CALCULATIONS
(b) 3 FREQUENCIES
Figure 2. Cellular Coverage Beam Layout with Hexagonal Boundary
interference from the cochannel beams of the multiple-beam antenna system
under study.
Because of general interest in offset-reflectors as the antenna type for
multiple-beam antennas, only two types of antenna, namely a full-paraboloidal
axisymmetric reflector and an offset-parabolic reflector are considered in
this report. These antennas consist of a set of linear array feeds located ir:
the focal plane of a parabolic, axisymmetric or offset, reflector. Alco, each
one of the feed elements in the multi-element feed system is assumed to
possess identical radiation. patterns. However, the model is not restricted to
analysis of reflector antennas or identical feed patterns, since the antenna
9
beam pattern is just an input to the model. Therefore, other antenna types
like lens antennas, phased array antennas, complex feed antennas, and other
reflector antennas can be used as well. A major goal in the model development
has been to obtain an efficient engineering tool for , parametric evaluation of	 ,
MBA performance.
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PARAMETERS OF THE MODEL
The parameters of interest in this model are as follows:
a) Number of Beams: This determines the number of possible zone
coverages.
b) Number of Frequencies: The frequency reuse capacity is determined
by this parameter. Frequency reuse factor
is defined as the number of beams divided by
the number of frequency bands.
c) Beam Spacing: Since the feed separations on the optimal focal plane
are determined by the separation of beams within the
coverage area, the separation between the beams
determines the size of the focal plane. The minimum
separation between the feeds is limited by the mutual
coupling between the elements (2] and by the physical
size of the feeds. On the optimal focal plane, feeds
should be placed as close as possible to the
reflector focal point; so the beam degradations due
to the off-axis location of the primary-feeds are
minimized.
d) Beam Patterns: Individual beam patterns are dependent on the feed
patterns, the location of the corresponding feeds on
the optimal focal plane, and on the antenna
characteristics (size, F/D, illumination taper,
aperture efficiency, and etc.). Beam patterns of the
11
MBA system specify many of the model parameters
including beamwidths, sidelobe patterns, beam.
positions and more.
e) Footprint Level: The footprint level is defined as the power
density of the beam, relative to the main
beam-maximum, at an angle 6 off the beam
boresight. The footprint level, or.calculation
point, determines the hypothetical boundaries
within the coverage zones where the
carrier-to-interference ratios (C/I's) are
calculated and specified.
These parameters are discussed in mare detail in the context of two reflector
antenna systems. The performance of MBA's in terms of its interbeam isolation
is solely dependent upon these parameters. In determination of an acceptable
or required carrier-to-interference ratio and frequency reuse capacity of MBA
systems, the trade-off between these parameters is of utmost concern.
ti
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SECTION 4
DESCRIPTION OF THE MODEL FOR DETERMINATION OF THE FREQUENCY
REUSE CAPACITY OF MULTIPLE-BEAM ANTENNAS
!9
In this section the objectives of this model and the theoretical basis
for its development are explained.
4.1 MODEL OBJECTIVES AND DESCRIPTIONS
The main output of the model is the MBA frequency reuse capacity in terms
of carrier-to-interference power ratio (C/I). Figure 3 shows the case of one
beam interfering with the desired beam. The desired carrier power, C, is
calculated at an angle 8 off the desired beam boresight and the interference
power, I, is calculated at the same point, which is at an angle ( Ac - 6) off
the boresight of the cochannel interfering beam. This represents the
calculation of C/I or interbeam isolation at any spot within the coverage
area. The angle 8 specifies the footprint level of the calculation point and
angle 6c specifies the beam separation between the desired beam and
cochannel interfering beam under consideration.
The cochannel interference in a frequency reuse: system has been found to
behave like additive thermal noise as long as it is not correlated with the
desired signal. For multiple cochannel interfering beams, which are not
coherent to each other, the total interference power is assumed to be the
incoherent summation of the signal power from each interfering beam [3]. So
the total carrier-to-interference power ratio, up-link or down-link, could be
found in the following manner
13
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1s1
where
C - desired carrier power,
Ii - interference power from ith cochannel beam, and
N - total number of interfering beams.
Sometimes, it is possible for cochannel beams to be coherent to each
other and, possibly, to the desired beam. For the purpose of this report, we
define two cochannel beams as coherent to each other if they carry the same
signal and the signals'are in phase. In such cases, the total desired power
received by a receiver, at some point within the coverage area, is the
coherent summation of the desired beam carrier power and the coherent
cochannel beams carrier powers. At the same point within the coverage area,
the total interference power received by the receiver is found by,
a) the coherent summation of the carrier power from all the interfering
beams that are coherent to each other,
b) the incoherent summation of all the sets of cochannel interfering
carrier powers found in part (a).
Then at any spot within the coverage area, the total carrier-to-
interference power ratio, up-link or down-link, could be found by%
Q	 2
(
DCV +
	 CCVi
(C/I) ,
	
=	
i=1
TOTAL
	 K	 2	 L	 2	 N	 2
I i	+	 Ii + ...... +
	 Ii
i=1
	 i=1	 i=1
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where
DCV = the desired beam carrier voltage,
t
CCVi = the ith coherent cochannel beam carrier voltage
f(coherent to the desired beam),
i
i	 Ii = the interference carrier voltage from ith cochannel
beam which is coherent to the other interfering
cochannel beams within each one of the summations
shown above,
Q	 total number of cochannel beams that are coherent to
-	 i
the desired beam, and
K, L, ...., N	 total number of cochannel interfering beams that are
coherent to each other in each summation.
In practice, the cochannel interference could be present in both up-link
f
and down-link. In this case either one or both links may determine the
i
overall C/I performance. Since it is assumed that the cochannel interference
i	 is not correlated with the desired signal and behave like additive thermal
noise, then it could be shown that [4]
(C/I)TOTAL = (C/I) UP-LINK + (C/I)DOWN-LINK
and if	 (C/I)UP-LINK (C/I)DOWN-LINK' then
(C/I)TOTAL t (C/I) DOWN-LINK (dB) - 3	 (dB).
OR UP-LINK
In this report, it is assumed that all the cochannel beams are incoherent
to each other and the cochannel interference is only present in the down-link
at all times. ( It is possible to reduce cochannel interference in voice
16
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channels through the use of voice activated carrier (VOX) in all
transmitters. In this case, the C /I performance of the system depends on the
percent of the time that any occupied voice channel will have a carrier
actually present).
The model program simulates the multiple -beam antenna pattern by the
superposition of a two-dimensional array of individual beam patterns. In the
case of reflector antennas the beam radiation pattern depends on the antenna
characteristics, feed characteristics, and the location of the feeds on the
optimal focal plane of the reflector. Considering the effects of the antenna
characteristics upon the beam characteristics ( scan loss, beam broadening,
sidelobe levels, and beam deviation), the relative position of the feeds on
the optimal focal plane determines the relative location of the beams within
the coverage area.
4.2 COVERAGE BEAM-LAYOUT
Multiple-beam antennas can cover large geographical areas by
two-dimensional networks of small coverage beams. Figure 4 shows the case of
U.S. coverage with 64 contiguous beams. Covering a geographical region with
equal regular polygons (i.e., in order to totally cover the area and closest
to a circle) which do not overlap is known as tessellation. In particular, a
hexagonal coverage-layout has been considered, since the hexagon has the
distinction of being the highest ordered (most sides) regular polygon which
tessellates a plane [5]. The circles inscribed in these hexagons would
illustrate the actual beam cross sections for some arbitrary footprint level
as shown in Figure 4. Because of the high level of interference between
adjacent beams which are cochannel, it an optimum beam-layout if a given
17
Figure 4. The Case of U.S. Coverage with 59 Contiguous Beams
and 3 Frequencies
carrier frequency is used in one beam, than it cannot be repeated in the
adjacent beam. The necessary separation between cochannel beams is deter-
mined by the requirements on interbeam isolation.
The optimum layout of the beams is an important factor in frequency reuse
with multiple-beam antennas when there is a requirement on the interbeam
isolation (C/I) of the system. An optimum layout of the beams is achieved by
dividing the total number of beams into groups of beams such that each beam in
a group utilizes a different frequency-band (or channel). A single
frequency-band can be used only by one beam in each group and the number of
cochannel beams can be as large as the number of groups. Figure S(a) depicts
the case of seven beams in one group. of course, the actual beam cross
sections are circular, but for convenience they are shown as hexagons. Now,
if more beams are needed to cover an area, a new group of beams could be added
18
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Figure S. (a) Case of Seven Beams in One Group. The Dots Inside the
Hexagons Show the Boresight of the Beams and the
Numbers Next to the Dots are the Beam Numbers. (b),
(c), (d), (e), (f) and (g) An Added Group of Beams is
Rotated Around the First Group. The Distances Between
the Cochannel Beams, with the Some Number, are
Preserved.
f	 to the first group as shown in Figures S(b), (c), (d), (e), (f), and (p). It
can be seen that in all six cases the distance between the desired beam in the
first group, Figure S(a), and the cochannel interfering beam in the new add
group is the same. For instance, tht- :iistance between the desired beam number
7 and the cochannel interfering beam number 7 in the waded group of beams is
the same in all 6 cases. Therefore, as long as the beam layout is generated
in i systematic fashion by
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a) grouping of the beams in groups with equal number of beams, and
b) starting with one group and building the new groups around it until
the required number of total beams is obtained,
the total interference power at any spot within the coverage area of the
desired beam would be the minimum obtainable. Figure 6 shows the case of 49
beams with 7 beams per group. As shown in this figure, each group of beams
generates a polygonal boundary and centers of the beams 2-7 are located on the
vertices of a hexagon. In general, for different number of beams in each
group, the centers of beams generate many different polygonal configurations
with these centers on the vertices of the generated polygon. In
	 , tical
applications, each group is not required to contain the same number of beams.
Figure 6. Example of the Seven Beams per Croup. Notice that each
group of beams generates a polygonal boundary and centers of
the beams 2-7 are located on the vertices nf a hexagon.
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However, for the purposes of our analysis this restriction has been imposed,
'	 and thus the total number of beams will be equal to the number of beams per
group times the number of groups. This assumption would yield the maximum
number of cochannel interfering beams in the beam layout and also the worst
case interbeam isolation in coverage of a geographical area.
In comparison of various two-dimensional.layouts of the beams, there are
three parameters that should be considered. The parameter D is the distance
between centers of the closest cochannel beam boresights, R is the maximum
distance from the center of a cell to the cell boundary, and NF is the minimum
number of channel sets (frequency bands) required to fully cover any planar
area. It has been shown [6] that is is possible to identify all possible
configurations generated by the center of the beams given the minimum
permissible D/R. Also, the minimum number of channel sets is found in 151,
whi^h for hexagonal grouping of the beams is given by
NF 
= 3
(D)2
and NF can take on only the selected values
NF = 3, 4, 7, 9, 12, 13, 16, 19, 21, ...
s.
K	 determined from NF = (k + Z) 2 - kk, where k and £ range over the positive
1
integers. The relationship between the integers k, 2 and the optimum number
r
of frequencies (NF) is determined by the spacing between beams on the same
frequency [6]. Table 3 lists the possible optimum configurations and the
s:	 corresponding values of k and 9—
ti	 21
Table 3. Number of Frequencies as a Function of k and R
for Optimum Cellular Coverage
Figures 7-19 show some more layouts as examples of 3 9 4 1 7, 9 1 12 9 13,
16 9 19, and 21 beams per group. Other numbers of frequencies in between the
indicated numbers are, of course, possible, but the case of eight beams per
group, for instance, can be reduced to seven without increasing inter-
ference. In general, an increase in number of frequencies would improve the
C/I performance. The above result means that, for example, au optimum
layout which uses seven frequency bands would yield a higher C/I than any
layout with eight frequencies, any nonoptimum layout with seven frequencies,
and all the layouts with smaller number of frequencies. This important
conclusion is a result of an optimum layout of the beams for the purpose of
22
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Figure 7. Layout for an Example of 3 Beams per Group. The Broken Lines
Show the Distances Between Cochannel Interfering Beams
Number 1 and the Desired Beam Number 1 for the Case of
21 Beams. All the Groups of Beams, Shown in this Figure, Make
Up the Case of 64 Beams and 3 Frequencies.
cellular coverage of geographical areas. To summarize, there are three rules
to be followed in order to achieve an optimum layout:
1. No two adjacent beams should use the same frequency band;
2. Uniform grouping of the beams should be used while no two beams in a
group would use the same frequency band;
3. The optimum number of frequencies, which equals the number of beams
per group, should be used.
Y
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Figure 8. Layout for an Example of 4 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering Beams
Number 1 and the Desired Beam Number 1 for the Case of
28 Beams. All the Groups of Beams, Shown in this Figure,
Make Up the Case of 76 Beams and 4 Frequencies.
A
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Figure 9. Layout for an Example of 7 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering Beams
Number 1 and the Desired Beam Number 1 for the Case of
49 Beams. All the t,roups of Beams, Shown in this Figure,
Make Up the Case of 91 Beams and 7 Frequencies.
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Figure 10. Layout for an Example of 9 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering
Beams Number 1 and the Desired Beam Number 1 for the
Case of 63 Beams and 9 Frequencies.
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Figure 11. Layout for an Example of 12 Beams per Group. The Broken
Lines Show the Distance Between Cochannel Interfering
Beams Number 1 and the Desired Beam Number 1 for the Case
of 84 Beams and 12 Frequencies.
27
Figure 12. Layout for an Example of 13 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering
Beams Number 1 and the Desired Beam Number 1 for the
Case of 91 Beams and 13 Frequencies.
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Figure 13. Layout for an Example of 16 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering
Beams Number 1 and the Desired Beam Number 1 for the Case
of 112 Beams. All the Groups of Beams, Shown in this
Figure, Make Up the Case of 144 Beams and 16 Frequencies.
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Figure 14. Layout for an Example of 19 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering
Beams Number 1 and the desired Beam Number 1 for the
Case of 133 Beams and 19 Frequencies.
30
°^ `'ta°sr^:,._,S^*,..^.a•,..++t?rlecra-^	 }.,,:, ,^r. r^ :-rte:
Figure 15. Layout for an Example of 21 Beams per Group. The Broken
Lines Show the Distances Between Cochannel Interfering
Beams Number 1 and t!e Desired Beam Number 1 for the
Case of 14 7 Beams and 41 Frequencies.
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SECTION S
MULTIPLE-BEAM ANTENNA FREQUENCY REUSE CAPACITY AND
INTERBFAM ISOLATION ANALYSIS: AXISYMMETRIC PARABOLIC
REFLECTOR AND OFFSET-PARABOLIC REFLECTOR
In order to radiate multiple-zone coverage beams Erom a single antenna
aperture, a multi-element feed system could be utilized to illuminate a
parabolic reflector. Reflectors constitute one of the most widely used
classes of large antennas. A reflector itself is quite broadband, limited at
upper frequencies by its roughness. The roughness of the surface causes phase
errors in the aperture field of the antenna, resulting in sidelobe level
increase and peak gain decrease.
5.1 CHARACTERISTICS OF THE AXISYMMETRIC AND OFFSET-PARABOLIC REFLECTORS
Symmetrical front-fed parabolic reflectors suffer from high blockage due
to feeds, feed trusnes, and transmission lines. Most of the degradation in
the performance c^' this type of antenna is due to blockage. Compared 6o its
full-paraboloidal counterpart, the usage of an offset-reflector offers a
number of advantages. The offset-reflector avoids aperture-blocking effects,
reduces the reflector reaction upon the primary-feed, and leads to the use of
larger focal-length to diameter ratios (F/D p ) while maintaining an
acceptable structural rigidity [7]. As a consequence, the offset-reflector
reduces the radiation scattering effects which results in a loss of system
gain sad the general degradation in the suppression of sidelobes. Also, the
primary-feed VSWR can be made to be essentially independent of the reflector
and can employ relatively larger radiating apertures which, in the case of
multiple-element primary-feeds, will result in lower direct mutual coupling
33
between adjacent feed elements. These inherent advantages of the
offset-reflector make the configuration attractive for use as a multiple-beam
antenna. There are other advantages and disadvantages of these two reflector
antenna* but a rigorous comparison is beyond the scope of these notes.
Figures 16 and 17 show an axisymetric parabolic reflector antenna and the
offset-parabolic reflector reference geometry.
In these reflector antennas, off-axis (scanned) beam operation results in
appreciable performance degradation. This degradation is strongly related to
the focal length over diameter (F/D p) ratio of the reflector and to the
aperture illumination function. Since the primary feed is made up of a
multi-element arrangement, it is important to determine the effects of the
off-aria location of the elements upon the antenna radiation characteristics.
The principal effect of an off-axis location of the primary-feed, as the beam
is scanned off the reflector axis, is in the formation of co-polarized
comalobes on the side closer to the reflector axis. Other deteriorations
caused by scanning the beam are comprised of beam-maximum scan loss, beam
broadening, and main beam-maximum deviation. Software has been developed by
Dr. Y. Rahmat-Samii of JPL [8] which takes these scan properties into account
and calculates the axisymmetric and offset-parabolic reflector antenna
patterns very accurately. In this report, in the case of axisymmetric
reflector beam patterns, it is assumed that all beams have the same pattern
and no consideration has been given to the pattern degradations caused by
off-axis beam operation. This is due to the fact that the JPL developed
software was not available at the time of axisymmetric reflector multiple-beam
antenna study. However, for offset-reflector beam patterns, the JPL developed
software was used to obtain the beam degradations due to the off-axis beam
34
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Figure 16. An Axisymmetric Parabolic Reflector Antenna
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Figure 17. Offset-Parabolic Reflector Geometry
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operation for each individual beam and to calculate the beam pattern model for
all beams.
5,2 FREQMACY REUSE CAPACITY AND INTERBEAM ISOLATION ANALYSIS: RESULTS FOR
AXISYMKETRIC PARABOLIC REFLECTOR
The analysis done for axisymmetric parabolic reflector is included in
`	 this section.
5.2.1 Beam Pattern Model i<,r Axisymmetric Reflector Multiple-Beam Antennas
The beam patterns used in the axisymmetric reflector case are very
simple. The patterns are modified versions of the reference pattern for
satellite transmitting antenna recommended at WARC-77 and CCIR(78) [1]. These
model patterns possess an exponential main beam with linear sidelobe
boundaries away from the main beam. Figure 18 shows these beam patterns with
the following functional form:
G(6) = -12 6 2
	0 5 6 < 61
= -K
	 81<_ 6 _< 3.16,
= -C -25 log10 6	 3.16 < 6,
where
G(6) is the normalized gain in dB,
6 is the off-axis angle in beamwidths, and the constants K, C, and 61
were obtained from Figure 18 and are shown in Table 4.
These pattern models do not include degradations due to the scanned beam
operation and it is assumed that all beams possess identical patterns which
are circularly symmetric. An analysis, for a 100 wavelength axisymmetric
36
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(8 ) /EAMWIDTHS OFF A)US OF THE SEAM
Figure 18. Modified Versions of the Reference Pattern for
Satellite Transmitting Antenna Recoamended at
WARC-77 and CCIR(78). Modification is in the
variation of sidelobe level.
TABLE 4
Exponential Pattern Function Constants
Sidelobe level, K (dB) e1 (BW) C (dB)
20 1.29 7.5
25 1.44 12.5
30 1.58 17.5
35 1.11 22.5
40 1.83 27.5
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reflector antenna with F/Dp = 1 and varying illumination taper, done by the
JPL developed software, shows that it is theoretically possible to achieve
beam patterns with sidelobe envelopes very close to the sidelobe envelopes
shown in Figure 18. However, since the beam patterns for each individual beam
and the pattern degradations caused by off -axis beam operation were not
calculated, it was assumed that all beams have the same pattern (i.e., one of
the patterns shown in Figure 18).
5.2.2 Frequency Reuse Capacity and Interbeam Isolation
The relation between the number of beams and the number of frequencies
for beams equally spaced in a triangular grid was described in 4.2. The
relationship defines a discrete combination of a number of beams and a number
of frequencies which is used to calculate a specific value of
carrier-to-interference power ratio (C/I). The C/I calculation is repeated
for the various allowed combinations of number of beams and number of
frequencies, and the results can then be displayed as shown in Figure 19. In
this figure, the C/I values of the multiple beam antenna systems are graphed
as a function of number of beams. Every curve corresponds to a specific
number of frequencies which was used to evaluate the C/I performance. It can
be seen that the primary factor in the C/I performance level, interbeam
isolation, is the frequency reuse factor (frequency reuse factor is defined as
the total number of beams divided by the number of frequencies).
5.2.3 Sidelobe Level Analysis
Figure 19 was shown for a modified CCIR reference pattern with sidelobes
starting at -20 dB level. Figures 20, 21, 22 and 23 were obtained for the
38
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Figure 19. Frequency Reuse Capacity, Axisymmetric Reflector
Modified CCIR reference pattern with 720 dB sidelobes
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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Figure 20. Frequency Reuse Capacity, Axisymmetric Reflector
Modified CCIR reference pattern with -25 dB sidelobes
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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Figure 21. Frequency Reuse Capacity, Axisymmetric Reflector
Modified CCIR reference pattern with -30 dB sidelobes
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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Figure 22. Frequency Reuse Capacity, Axisymmetric Reflector
Modified CCIR reference pattern with -35 dB sidelobes
Calculation Point: -3 dB down, from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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Figure 23. Frequency Reuse Capacity,, Axisyt>metric Reflector
Modified CCIR reference pattern with -40 dB sidelobes
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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20
10L
0
same beam pattern with the value of sidelobe envelopa- varying from -25 dB
to -40 dB. From these curves, it can be seen that a change in number of
frequencies from 3 to 4 causes a considerable change in the C/I value (about
8-17 dB) for sidelobe levels of -30 dB and lower. But, for example, a change
from 12 to 13 frequencies does not cause any appreciable change as the
sidelobe levels are varied. So as the number of frequencies increases, the
frequency reuse factor becomes less sensitive to it. Figures 24 and 25 show
the effect of different sidelobe levels when a different number of frequencies
is employed and compares the C/I values obtained for these different sidelobe
levels. It can be seen that the sidelobe level has a more noticeable effect
for larger number of beams when smaller number of frequencies are used as
shown in Figure 24. Overall, the sidelobe level has a much greater effect
when a larger number of frequencies is used ;see Figure 25).
5.2.4 Crossover Level and Footprint Level Sensitivity
In Section 4.2, it was explained that an optimum layout of the beams is
achieved by dividing the total number of beams into groups of beams such that
each beam in a group utilizes a different frequency-band. A single
frequency-band can be used only by one beam in each group and the number of
cochannel beams can be as large as the number of groups. This type of beam
layout insures the fact that no two adjacent beams are on the same frequency.
Therefore, the usual considerations of the crossover level of two adjacent
beams could not be as meaningful in this case. But, for instance, in the case
of mobile satellite services, it is required to have continuous coverage beams
and C/I values should be known at the coverage area boundaries (see
Figure 4). So it is important to know the C/I variations at these boundaries
as the beam spacing is varied. Figure 26 shows the relation between the C/I
.
44
20
	
NF 3
	
-4p a SIDELOSE
	
NF • 3
	 43 a SWELOSE
	
NF •	 -30 d1 SIDElO1E
10
	
NF-
	
_^^"^^ -23A SIOELOSE
L
-20 dS SIDELOSE
 Ld 
LL
	
00	 I5	 30 45	 60 73 90 103 120 133 130 165 180 195 210
NUMBER OF SEAMS
Figure 24. Frequency Reuse Capacity, Axisymmetric Reflector
Modified CCIR reference pattern
Comparison of (C/I) values for five sidelobe levels,
3 frequencies
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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Figure 25. Frequency Reuse Capacity, Axisymmetric Reflector
Modified CCIR reference pattern
Comparison of (C/I) values for five sidelobe levels,
19 frequencies
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
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and crossover level for the modified CCIR reference pattern with sidelobes
starting at -25 dB level. Table S shows the relationship between the beam
separation values, distance between the centers of two adjacent beam, and the
footprint levels at the crossover points for the modified CCIR reference
pattern with -25 dB sidelobes. Notice that the calculation point is located
at the midway point of the line between the center of the desired beam and the
center of the adjacent beam. In Figure 26 9 C/I values as a function of the
beam crossover levels are given for five multiple-beam antenna systems with
different number of frequencies and number of beams. Again, notice that the
C/I values are relatively insensitive to the crossover levels of between
-2 to -7 dB for very large number of beams and -5 to -7 dB for smaller number
of beams with higher number of frequencies. In this case, for an axisymmetric
reflector antenna, the optimum crossover level is dependent on the number of
beams and frequencies.
In the Final Acts of the 1977 International Telecommunication Union
Broadcasting Satellite Conference, Annex 8, the beam area was defined as the
-area on the earth's surface corresponding to the -3 dB points on the satellite
radiation pattern, "The area delineated by the intersection of the half-power
beams of the satellite transmitting antenna with the surface of the earth."
Also, it is mentioned that for a service area when the maximum dimension as
seen from the satellite position is more than 0.60 (the agreed minimum
practicable satellite antenna half-power beamwidth), the beam area would
almost coincide with the coverage area. If the maximum dimension is less than
0.60, there could be a significant difference between the beam area and the
coverage area. In the case of U.S. coverage the maximum dimension as seen
from the satellite position is around 7.3 0 9
 but for a multiple-beam antenna
with large number of beams (i.e., 75 beams) t ►tis maximum dimension for
47
TABLE 5
Relationship Between the Crossover Levels and Beam Separation Values
for Modified CCIR Reference Pattern (-25 dB Sidelobes)
Beam Separation Calculation Point Crossover Level
(HPBW) (HPBW) (dB)
0.80 0.40 -1.92
0.85 0.425 -2.17
0.90 0.45 -2.43
0.95 C 475 -2.71
1.00 0.50 -3.00
1.10 0.55 -3.63
1.20 0.60 -4.32
1.30 0.65 -5.07
1.40 0.70 -5.88
1.50 0.75 -6.75
1.60 0.80 -7.68
1.80 0.90 -9.72
2.00 1.00 -12.00
individual beams is less than or equal to 0.6 °. For this reason the C/I
values, in Figures 19-23 9 were evaluated at -3 dB footprint level of the main
beam. However, since the maximum dimension as seen from the satellite by the
individual beams could be less than 0.6 0 , the relationship between the C/I
performance of the system, with constant beam separations, and the desired
beam footprint level should be analyzed. Figures 27 and 28 show the
relationship between the C/I values, obtained for the modified CCIR pattern
with different sidelobe levels, and the footprint level of the desired beam
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for different numbers of beams and frequencies. Figure 29 shows the
comparison made to see the effects of the variations of the footprint level on
the C/I performance as the sidelobe levels are varied. It could be seen that
in all the cases the C/I values are almost linearly-decreasing function of
decreasing footprint level (or increasing fcvtpi.,.nt area).
5.2.5 Beam Spacing
It was mentioned that the minimum separation between the feeds is limited
by the mutual coupling between the elements and the physical size of the
feeds. On the optimal focal plane, feeds should be placed as close as
possible to the reflector focal point; so the beam degradations due to the
off-axis location of the primary-feeds are minimized.
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If a "complex-feed" design is used, as opposed to the "simple-feed"
approach, there are certain conditions to be met [2]. The complex-feed
concept effectively combines certain phased-array techniques with
reflector-antenna techniques. The primary advantage•of the complex-feed
design is in its ability to achieve limited beam- steering or generate
closely-spaced beams. This is due to the fact that in a complex-feed a number
of elements may be employed to generate each radiated beam and each feed
element may contribute to more than one radiated beam. Since the shape of the
feed radiation pattern is governed largely by the combined array
characteristics of the multiple elements, rather than by the radiation
characteristics of the individual feeds, the avoidance or suppression of the
feed-array grating-lobe effects becomes extremely important. The maximum
separation between the feed elements is constrained by the generation of
grating lobes in the feed radiation pattern which will exist within the
spatial solid-angle subtended by the reflector. It has been shown [2] that in
order to provide closely-spaced beams without generation of grating lobes in
the feed radiation-pattern, the interelement spacing must be less than
d=	 +
2 sin 0*
where d is the inter-element spacing and 0* is the maximum half-angle
subtended by the reflector at the geometric focus.
Since the relative position of the feeds, "simple feeds", on the optimal
focal plane determines the relative location of the beams within the coverage
area, the C/I performance of the system, with a constant footprint level, as a
function of beam spacing was studied. In Figures 30 and 31, the results are
shown for seven multiple-beam antenna systems with different number of beams
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and frequencies. A comparison of the effects of beam spacing variations on
the C/I performance as the sidelobe levels are varied is shown in Figure 32.
It should be of interest to remember that a specific combination of beam
spacing variations and footprint level variations generates the crossover
level variations shown in Figure 26.
5.2.6 Conclusions
The results presented here show that the sidelobe characteristics and
beam spacing are the primary influence on frequency reuse capacity of a
multiple-beam antenna with a specific number of beams and frequencies, as
expected. However, as the number of frequencies increases, the frequency
reuse factor becomes less sensitive to the sidelobe levels, but the C/I
performance of the system improves (see 5.2.3). Also, it has been shown that
the sidelobe levels have a more noticeable effect for larger number of beams
when smaller number of frequencies are used.
NB=76
NF=19
mv
NB•76
NF•19
NB•57
NF=3
NB= s)
NF=3
i-
.75
BEAM SPACING (MPBW )
Figure 32. (C/I) Performance as a Function of Beam Spacing (HPBW)
Comparison for 2 sidelobe levels, axisymmetric reflector
Modified CCIR reference pattern
Calculation Point: -3 dB down from peak of the main beam
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The other important fact discovered for the axisymmetric reflector
multiple-beam antenna, with identical beam patterns, is that the optimum
crossover level is dependent on the number of beams and frequencies. The
i	
relationship between the interbeam isolation values and decreasing footprint
levels of the desired beam was shown to be an approximately linearly
decreasing function. For increasing values of beam spacing, the C/I values
have an approximately linear increase.
5.3 FREQUENCY REUSE CAPACITY AND INTERBEAM ISOLATION ANALYSIS: kESULTS FOR
OFFSET-PARABOLIC REFLECTOR
In this section the results of the analyses done for offset-parabolic
reflectors are explained. The basic approach to find the frequency reuse
factor and interbeam isolation for offset-parabolic reflectors is the same as
before with the exception of the more sophisticated beam pattern models as
discussed below.
5.3.1 Beam Pattern Model for Offset-Parabolic Reflector Multiple-Beam Antennas
It was discussed that an off-axis location of the primary-feed causes
deteriorations in the beam radiation-pattern, which are comprised of
beam-maximum scan lose, beam broadening, main beam-maximum deviation, and most
importantly the formation of co-polarized comalobes on the side closer to the
reflector axis.
In Figure 17 9
 the feed is displaced on the optimal plane, which is normal
to the line joining the focal point 0 to the center of reflector P. In each
case the feed is tilted in a manner that its beam boresight axis goes through
the Point P. In the present analysis, the patterns are assumed to be
circularly symmetric about the scanned beam boresight, and the scan properties
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are assumed to depend only on the angle between the scanned beam boresight and
the reflector axis (i.e., the scan angle). It was mentioned that for a
scanned beam, sidelobes closer to the reflector axis have the most
degradation. In addition, it has been shown [9] that when the primary-feed is
displaced downward in the optimal plane (see Figure 17) 9 or the beam is
scanned in a counterclockwise manner with respect to the reflector axis, this
would provide the most pattern degradation. These "worst case" sidelobes were
used to obtain the sidelobe envelope coefficient for the pattern model. A
pictorial description of the beam radiation-pattern model for the
offset-reflector case is shown in Figure 33.
The theoretical model for the main beam shape and sidelobe envelope of a
scanned beam, offset-reflector scan, has two primary simplifying assumptions:
(1) The far-field pattern is only a function of the beam scan angle,
Ac , in the plane of symmetry, and
(2) The far-field pattern is circularly symmetric about the scanned beam
boresight.
In Figure 33, the main beam function is composed of
GM (6, 6c ) : Gp(0c ) + Gs (8, 6c ) (dB),
where
GP (6) = scan loss at a scan angle @c,
Gs (8, ©c ) = main beam pattern relative to its peak at 8 = 6 c , and
8 = pattern angle measured relative to reflector axis.
M.
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Figure 33. Scanned Beam Geometry
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c'M(e,ec) is normalized in dB relative to GM (6, 0) a 0 dB. Since the
offset-reflector is not a symmetric configuration, Ye t 8c ) will not be a
symmetric function of 6 or 6c . However, for initial simplicity it was
assumed that the scanned main beam is a symmetric Gaussian function centered
at8 R 8
co
e-e 
2
o c
where 00 is a function of 9  and ®0 (8c ) is the -3 dB beamwidth of the
beam at a scan angle, Q'. The beam will broaden as the beam is scanned
off-axis, so
® (%) - B(6c ) 00(0)
where B(6) is the beam broadening function, and.00 (0) is the on-axis
beamwidth. In the development of the beam pattern model, the
radiation-patterns of the offset-parabolic antenna, for different aperture
sizes and illumination functions, were calculated by the use of the JPL
developed software. Then, by a study of these far-field radiation-patterns
[8], the scan loss function and the beam broadening function were
theoretically derived.
The sidelobe pattern function is an approximation to the upper bound of
the sidelobe peaks. From the results given in Reference [9), it can be
r
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demonstrated that the far-field B-field of an offset-reflector can be
represented in the form
	
M	 N	 J	 (ka sin T )
	
E `
	
^ n+2m+l
 ka sin 'Y
m-0 n=0
i
where 4' = le - ee l is a small angle ( less than 60 ), ka = ffD/A and D is the
reflector diameter (see Figure 17). At large angles off the beam boresight, Y
is large, and the first term, (m=0 9 n=0), predicts the sidelobe upper bound
fairly accurately. Therefore,
	
J 1 (ka sin T )
	 K00
oo ka sin T
	 (ka sin T )3 2
where for the second approximation the large argument approximation [10]
J1(x) 
:t
	 1/2 is used. Thus the sidelobe power pattern envelope in dB
takes the form
K
	G SL ( 69 0c )	 20 1og10	 O0 3/2 (dB) .(ka sin T )
As the beam is scanned off the reflector axis, the sidelobes closer to
the reflector axis, 0 < eel will be higher than the sidelobes away from the
reflector axis, 0 > ec . Therefore, the factor K 0 in the numerator of the
sidelobe envelope function is actually a function of 0c,
Kno = K(0c ) .
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In fact, two functions are needed, one for each side of the scanned beam
boresight. However, in the present analysis, the patterns are assumed to be
circularly symmetric about the scanned beam boresight and only the "worst
case" sidelobes were used to obtain the sidelobe envelope coefficient, K 00
of the sidelobe envelope function.
In order to derive the empirical functions which are the scan loss
function, beam broadening function, and sidelobe envelope function, the JPL
developed software was used to generate many examples of far-field patterns
for the scanned beams. These data were obtained for a number of
offset-parabolic reflectors of varying reflector dimensions and illumination
function. The first example is an extreme case of a very large reflector with
DA - 1866 .67 9 and F/Dp
 - 1, where D, D p , and F are shown in Figure 179
and a -10 dB edge taper. In this case the functions obtained for the beam
broadening function, B(6 ), scan loss function, G p(6c ), and the sidelobe
level coefficients, K(6c ), are shown in Figures 34
-36. In Figure 36, note
that the ' upper curve is for the "near" sidelobes and the lower curve is for
the "far" sidelobes. In order to demonstrate the accuracy of the sidelobe
envelope model, the model output is superimposed on patterns generated by the
JPL developed software ( also available in ^9]). This is shown in Figures 37
and 38. In both cases, the "far" sidelobe approximation is very accurate
beyond the first sidelobe. As expected, the "near" sidelobe approximation is
good beyond the second or third sidelobe. The reason that the first few
"near" sidelobes are not approximated accurately, is because the scanning
operation modifies the phase distribution in the reflector aperture and this
c
modification has more impact ou the fields closer to the reflector axis.
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Figure 37. The Model Output Superimposed on Patterns Generated by
the JPL Developed Software: D - 1866.67 wavelengths,
F/Dp = 1 1 -10 dB taper, and 6c a 10,2 beamwidths.
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Figure 38. The Model Output Superimposed on Patterns Generated by
the JPL Developed Software: D - 1866.67 wavelengths,
F/Dp = 1, -10 dB taper, and ec = -25.5 beamwidths.
The transition point between the main beam and the side lobe envelope is
assumed, for simplicity, to be where the main beam gait, is .ess than -20 dB.
Thus, in the model program, if the calculated value for GM (6, 6c ) is
greater than -20 dB, then the value of GM (6, 6c ) is used. However, if the
calculated value is less than -20 dB, then the value of G SL is calculated,
and after a comparison the larger of the two values is used. This will insure
the use of an upper bound in the transition region.
Additional beam pattern models were obtained by the use of JPL developed
software for three cases of 100 wavelength diameter offset-reflectors with a
-10 dB edge taper for F/D p 's of 0.5 and 1.0, and with a -15 dB edge taper
for F/Dp
 of 1.0. The data obtained by the use of the software are plotted
as a function of the beam seen angle and include the scan loss i;:nccion, beam
O
0
-SO
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broadening function, and the sidelobe level coefficients. This is shown in
Figures 39-41 for the three cases. It can be seen that the scan loss is
drastically reduced by using a larger F!Dp , particularly at large scan
angles. This same effect was noted in reference [9]. The effect of
decreasing the feed taper from -10 dB to -15 dB on the scan loss is not
noticeable, as expected. In Figure 40 9 the beam broadening factor shows the
most severe beam degradation, at large scan angles, for F/D p
 of 0.5. As for
the sidelobe performance away from the main beam, Figure 41 shows that the
F/Dp has very little effect for small scan angles, but the sidelobes are
significantly higher at large scan angles for the smaller F/Dp. In
addition, the reduction in taper from -10 dB to -15 dB reduces the sidelobe
level, as expected.
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Figure 39. Scan Loss Function, 100 Wavelength Diameter
Offset-Parabolic Reflector
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In Figures 42-50 the beam pattern model (dashed curves) has been compared
to the JPL software generated theoretical patterns, for the three
offset-reflector examples, from which the model data were empirically
derived. In Figures 42-44, two features are evident.- First, the main beam
model should include the beam deviation factor (BDF) because it is a definite
factor for smaller F/Dp 's. At present time this model doe3 not include the
beam deviation factor and it has been assumed to be very close to unity.
Secondly, the model is somewhat optimistic in the region of the first
k	 sidelobe/shoulder for large scan angles. It was anticipated that the
t transition region between the sidelobe envelope and the main beam would be
r	 where the beam model would show the worst approximation. Thus, for small
values of F/Dp , for beam scan angles larger than 5 beamwidths the model is
slightly better than the "worst case" in the transition region between the
sidelobe envelope and the main beam, and is slightly worse than the "worse
case" for sidelobes at large angles off the beam boresight,e .
Figures 45-50 show how well the model approximates the theoretically
calculated patterns fcr F/Dp
 of 1.0. These figures show that the main beam
model is very accurate to at least 10 dB below the peak gain. The beam
deviation factor is very close to unity in all cases. The envelope
approximation is also very good outside the second sidelobe. As before, the
region near the first sidelobe is k>here the model is least accurate, but it is
much more accurate than the model for F/Dp
 of 0.5. The decrease in edge
taper from -10 to -15 dB improves the scanned beam performance and also reduces
67
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Figure 47. Comparison of the Beam
Pattern Model and the JPL
Software Generated
Theoretical Pattern for
Offset-Parabolic Reflector
with D = 100 wavelengths,
F/Dp	 1.0, -10 dB taper,
and 6c - 10 beamwidths
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the difference between the theoretically calculated patterns and the beam
pattern model. As a general comment, for the cases considered here, the
offset-reflector diameter is 100 wavelengths which corresponds to a 7.5 meter
antenna at a 4 GHz or a 2.5 meter antenna at 12 GHz.
In this analysis, it was assumed that toe desired beam is the beam
generated by the feed at the focal point of the reflector antenna, @c = 0.
This assumption insures a type of symmetry around the desired beam by the
interfering beams and gives a possible "worst case" for the interbeam
isolations within the coverage area. The disadvantage of this assumption is
that the scan loss is somewhat large at large scan angles and it is possible
to have the "worst case" isolations for the desired beams with largest
beamwidths scanned. This is specially true for the offset-reflectors with
smaller F/Dp I s as discussed before. However, it should be noticed that the
beam broadening factor and sidelobe coefficients are also largest at large
scan angles. Thus, it seems that the "woraL case" isolation is for the
desired.beam generated by the feed at the focal point of the reflector, since
for this beam the cochannel interfering beams have the highest sidelobe
levels. In general, only a thorough analysis, by considering the C/I
performances of the foregoing possibilities would show the "worst case"
interbeam isolation within the coverage area.
5.3.2 Frequency Reuse Capacity and Interbeam Isolation
In order to obtain the frequency reuse factors for the offset-reflector
multiple beam antennas, the C/I calculation is repeated for the various
allowed combinations of number of beams and number of frequencies, as done in
the axisymmetric reflector case. The results for a 100 wavelength diameter
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offset-reflector, with F/D p of 1 and -15 dB edge taper, are shown in
Figure 51. Again, every curve corresponds to a specific number of frequencies
which was used to evaluate the C/I performance. It can be seen that the
primary factor in the C/I performance level is the frequency reuse factor. A
change in number of frequencies from 3 to 4 causes a considerable change in
the C/I value (about 5-7 dB), but a change from 12 to 13 causes a smaller
change of about 1 dB. So as the number of frequencies increases, the C/I
value becomes less sensitive to it.
5.3.3 S idelobe Level Analysis
Figure 51 was obtained for a beam pattern model with sidelobes starting
at -30 dB level. In order to study the effects of some wide variations of
sidelobe levels upon the C/I performance of the system, the beam pattern
models shown in Figures 45 -47 were modified and used. Figures 45-47 show the
beam pattern models generated for an offset-parabolic reflector with
100 wavelength diameter, F/D of 1.0, and a -10 dB edge taper. These beam
pattern models have sidelobe envelopes starting at about -25 dB relative to
the main beam-maximum. In this study of sidelobe effects, the sidelobe
envelope for these beam pattern models were shifted up or down to create the
variations of sidelobe level. Figure 52 shows the modification for variations
of the sidelobe envelope for the beam pattern generated by the feed at the
focal point of the reflector antenna (scan angle 0 c
 = 0). For beams at
other scan angles the same procedure was used and the sidelobe envelope of the
degraded beam pattern was shifted up or down in order to obtain the desired
level of the sidelobe envelope.
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In order to avoid confusion, the beam patterns shown in Figure 52 were
named type A pattitza. This is due to the fact that, in practice, for an
offset-parabolic reflector with the above mentioned dimensions and a -10 dB
edge taper, it is not possible to have beam patterns mith sidelobes starting
at -30 dB, or lower, relative to the main beam-maximum.
Figures 53-55 show the C/I values obtained for a 100 wavelength diameter
offset-reflector with beam patterns of type A. In these figures the value of
sidelobe envelope was varied from -25 dB to -35 dB. Figure 56 compares the
(C/I) values obtained for these different sidelobe levels and shows the effect
of different sidelobe levels when a different number of frequencies is
employed. It can be seen that the sidelobe level has a much greater effect
when a larger number of beams and frequencies is used.
5.3.4 Illumination Taper Analysis
The primary advantage of illumination tapers (edge tapers) is the low
sidelobe levels provided by them. It was shown that the use of illumination
taper slightly improves the scan loss performance and causes sidelobe level
reduction. Figure 57 shows a comparison of C/I levels for two different taper
levels and three different frequencies. The comparison shows that a 5 dB
decrease in the illumination taper, corresponding to a 5 dB decrease in
sidelobe levels, causes a C/I improvement of about 1-4 dB. In Figure 57, a
comparison of results obtained by a type A pattern with -30 dB sidelobes and
-15 dB edge taper pattern with -30 dB sidelobes shows that the method used in
5.3.3 (employing the beam patterns of type A to study the effects of sidelobe
level variations) could yield optimistic results by about 1 dB.
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Figure 53. Frequency Reuse Capacity
Offset-Reflector Diameter - 100X, F/Dp - 1.0,
-10 dB taper and -25 dB Sidelobe Level
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Beam Separation: 1 HPBW of the main beam
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Figure 55. Frequency Reuse Capacity
Offset-Reflector Diameter = 100X, F/D p
 = 1.0,
Type A Pattern with -35 dB Sidelobe Level
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Beam Separation: 1 HPBW of the main beam
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Beam Separation: 1 HPBW of the main beam
79
40
NF=19
NF--19
30
	
NF=9 `	 NF=19
NFL
NF-9
m	 \
^20
NF=3
NFL `^ • ^_
NF=3
10L
0
	
15	 30	 45	 60	 75	 90	 105	 120	 135	 150	 165	 180	 195	 210
NUMBER OF BEAMS
Figure 57. Comparison of (C/I) Performance for 2 Different
Illumination Tapers and Type A Pattern
F/Dp = 1.0, -15 dB Taper and -30 dB Sidelobe Level
F/Dp = 1.0, Type A pattern with -30 dB
Sidelobe Level
----- F/Dp = 1.0, -10 dB Taper and -25 dB Sidelobe Level
Calculation Point: -3 dB down from peak of the main beam
Beam Separation: 1 HPBW of the main beam
80
,.,,^	 .n.-,.^.....-...-..:.,,..,.......,,.^v.,^.• ..mow, Ws.^s---^+^.°^+3.^-'°';°^;'a ddb
5.3.5 Dimensional Considerations
It was discussed that the beam radiation pattern degradation is strongly
related to the focal length over the parent paraboloid diameter (F/Dp) ratio
of the offset-reflector and to the aperture illumination function. Also, it
was shown that larger F/Dp I s drastically reduce the scan loss, beam
broadening factor, and the sidelobe envelope coefficients at large scan
angles. In general, linearly polarized offset antennas will generate
significant levels of cross-polar radiation unless the reflector has a large
F/Dp
 ratio. However, for most applications it was found that the reflector
depolarization lays below the copolarized sidelobe envelope. Hence, the
offset-reflector depolarization does not preclude the use of this antenna in a
low-sidelobe role. For smaller offset-reflectors, primary-feed spillover
constitutes the main limitations on the overall sidelobe performance% These
effects can be alleviated by good primary feed design and some use of shields
or blinders about the antenna aperture [7]. Also, for a single linear
polarization, good polarization purity can be restored by use of
polarization-sensitive grids and a large F/Dp
 ratio is not necessary. In
our analysis a single linear polarization, conside- .ng only the copolar
patterns, is used. In terms of the C/I performance it was discovered that the
performance was not affected by more than 1 dB when an F/Dp
 ratio of 1.0 was
used in comparison to an F /Dp
 ratio of 0.5. Figure 58 shows the C/I values
obtained for a 100 wavelength diameter offset-reflector with a -10 dB taper
and F/Dp
 = 0.5. Figure 59 shows the comparison made for two different
F/Dp
 ratios of 0.5 and 1 .0. It can be seen that for different numbers of
frequencies, the two different F/D p
 ratios compared very closely in terms of
the C/ I performance. This is primarily due to the fact that the desired beam
was assumed to be the beam generated at the focal point of the reflector and,
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Figure 58. Frequency Reuse Capacity
Offset Reflector Diameter = 100X, F/Dp = 0.5,
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Offset Reflector Diameter - 10OX
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therefore, does not incur any large scan losses for the smaller F/Dp . The
difference in the C/I performances could be attributed to the increase of beam
M
	 broadening factor and sidelobe coefficients for the smaller F/D p
 at large
scan angles.
{
t
5.3.6 Crossover Level and Footprint Level Sensitivity
s
The importance of knowing the C /I variations at different crossover
levels in multiple-beam antenna applications was discussed ir. 5.2.4.
Figure 60 shows the relation between the C/I and crossover level for a
100 wavelength diameter offset-reflector with a -10 dB taper and
F/Dp = 1 .0. The main beam function, the symmetric Gaussian function
centered at 0 = 0 c , for the offset -reflector case is the same as the main
beam function, modified CCIR reference pattern, for the axisymmetric reflector
case when 8 c
 = 0 (the main beam of the desired beam generated at the focal
point of the offset-reflector). Therefore, the relationship between the beam
separation values, distances between the centers of two adjacent beams, and
the footprint levels at the crossover boundaries is the same as that shown in
Table 5. In Figure 60, C/I values as a function of the beam crossover levels
are given for five multiple-beam antenna systems with different number of
frequencies and number of beams. Notice that the C/I values have very small
variations (0.1 dB) or no variations for crossover levels between
-5 to -7 dB. It can be seen that the optimum crossover level is independent
of the number of beams and frequencies and, in this case, is between
-5 to -7 dB. This is 	 important result since the optimum crossover level
was dependent on the number of beams and frequencies for the axisymmetric
reflector antenna. Figures 61 and 62 show the relationship between the C/I
values and the footprint level of the desired beam for different numbers of
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Figure 61. (C/I) Performance Calculated at Different Footprint (dB)
Levels of the Desired Beam
Offset-Reflector Diameter a 100x, F/Dp - 1.0,
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Figure 62. (C/I) Performance Calculated at Different Footprint (dB)
Levels of the Desired Beam, for 3 Sidelobe Levels
Offset-Reflector Diameter = 100A, F/Dp = 1.0, and
Type A Pattern
Beam Separation: 1 HPBW of the main beam
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abeams, frequencies: and sidelobe levels. Again, it could be seen that in all
the cases the C/I values, as a function of the decreasing footprint level, are
almost linearly decreasing.
5.3.7 Beam Sparing
Effects of the beam spacing variations on the C/I performance, for the
offset-reflector antenna, were studied and the results are shown in
Figure 63. The C/I performance improves as a function of increasing beam
spacing.
5.3.8 Conclusion
The frequency reuse capacity of hn offset-reflector multiple-beam
antenna, with fixed number of beams and frequencies, has been shown to be
primarily a function of sidelobe level (illumination taper) and beam spacing.
However, as the number of frequencies increases, the frequency reuse factor
becomes less sensitive to the sidelobe levels, but the C/I performance of the
1	 1.25	 1.50	 1.75	 2	 2.25	 2.50	 2.75	 3	 3.25 3.50
BEAM SPACING (HPBW)
Figure 63. (C/I) Performance as a Function of Beam Spacing
Offset Reflector Diameter = 100X, F/Dp
 = 1.0,
-10 dB Taper, and -25 Sidelobe Level
Calculation Point: -3 dB down from peak of the main beam
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system improves. These are the same results as obtained for the axisymmetric
reflector antenna. The other similar result is that the sidelobe levels have
a more noticeab?- effect for larger number of beams when smaller number of
frequencies are used.
It was shown that for a single linear polarization, when only the copolar
patterns are considered, the C/I performance of the system was largely
unaffected by the dimension of the offset-reflector (F/Dp). This could be
due to the fact that the desired beam was assumed to be the beam generated at
the focal point of the reflector and, therefore, does not incu- any large scan
losses for the smaller F/Dp . Also, the effects of the cross-polar
components, which can be very serious in this case, are ignored.
The important fact discovered for the offset-parabolic reflector
multiple-beam antenna is that the optimum crossover level is independent of
the number of beams and frequencies.
In addition, the present results use a beam pattern model, which has been
shown to approximate the envelope of calculated theoretical patterns very
closely. Use of pattern models is expected to give an approximate worst case
estimate of frequency reuse capacity because the model approximates the
sidelobe peaks with an envelope function. Thus, the results show an upper
bound on the number of frequencies or channels required to meet a specific C/I
requirement.
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SECTION b
DISCUSSIONS AND DEVELOPMENTS FOR THE MULTIPLE-BEAM
ANTENNA PROGRAM MODEL
The methods developed here can be used to analyze the interference
rejection performance of uniform and non-uniform coverage systems, whether the
antenna types are reflector antennas, lenses, or arrays. In this report the
i
major effort has been to use space diversity to maximize the interbeam
isolation and the frequency reuse capacity of the system. A second reuse of
the same frequency band in each antenna beam may be achieved through the use
of orthogonal polarization. The use of polarization diversity means to
transmit two microwave carriers on the same frequency using either the two
opposite "left-handed" or "right-handed" waves of circular polarization or two
perpendicular linearly polarized waves. INTELSAT IV-A and V antennas take
advantage of circular polarization. Use of dual polarization in multiple-beam
antenna presents many more design problems than does a single polarization, because
the antenna system and its design considerations are much more involved [3]0
[11l. But, since the combination of both space and polarization diversity is
very attractive, one of the future tasks for development of the model program
is to obtain the capacity of analyzing the interbeam isolation and frequency
reuse when the combination of both diversities is used. circular polarization
is specially attractive for an offset-reflector when polarization diversity is
used since an offset-parabolic reflector does not generate a cross-polarized
signal when the feed has perfect circular polarization pattern [12]. Thus,
for circularly polarized beams, good polarization isolation and axial ratio
can be obtained by properly designing the feed elements and array
configuration.
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It was mentioned that the use of a sidelobe envelope function eliminates
the effects of the sidelobe variations and the sidelobe nulls of the radiation
patterns of the interfering beams in calculation of the interbeam isolation,
and frequency reuse, and provides an approximate "worst case" estimate within
the coverage area. Although, the sidelobe envelope functions were used in the
model program, multiple-beam antennas have real sidelobe patterns and so, in
some instances, the results could be much more optimistic at some areas within
the coverage area. The usage of null-forming and null-steering, by adaptive
feed arrays [13] in multiple-beam antennas, and use of real patterns in the
model program comprises another one of the future tasks. The purpose of this
task is to see how the interbeam isolation varies at different footprint
levels within the various coverage areas, the pattern contours, and how we can
obtain the maximization of interbeam isolation at some designated subareas
within the various coverage areas.
In addition, the specific tasks for the future developments of the beam
pattern model includes:
(1) Addition of the beam-maximum deviation factors;
(2) Consideration of the non-symmetry of the sidelobe patterns;
(3) Consideration of the effects of the off-axis location of the desired
beam on C/I performance.
In conclusion, it must be remembered that the results presented here
demonstrate the use of the method in tic analysis of a few specific cases, and
that more cases must be analyzed in. - der to obtain a full understanding of
frequency reuse capacity of multiple-beam antennas. In the future, antenna
patterns of some of the existing multiple-beam antennas will be obtained and
comparisons of measured and theoretical patterns will be made. This will
provide the necessary assessment of model adequacy and accuracy.
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